study question: Does mitochondrial permeability transition (MPT) induced by calcium overload cause reactive oxygen species (ROS) production and DNA fragmentation in human spermatozoa?
Introduction
Oxidative stress results from an imbalance between reactive oxygen species (ROS) production and the body's antioxidant capacity (Agarwal et al., 2008; Agarwal and Sekhon, 2011) , and is a major cause of defective sperm function in male infertility (Aitken et al., 2012) . Increased ROS production in somatic cells has been associated with mitochondrial membrane permeabilization (MMP) (Galluzzi et al., 2012) , which is accompanied by mitochondrial membrane potential (DCm) dissipation, uncoupling of oxidative phosphorylation, failure to synthesize ATP, and oxidative stress, culminating in oxidative DNA adducts formation, DNA strand breakage and cell death (Kroemer et al., 2007; Aitken et al., 2012) .
MMP can be initiated at the outer membrane by members of the BCL-2 protein family (Tait and Green, 2010) , or can originate from an increase in the permeability of the mitochondrial inner membrane, which leads to swelling of the matrix, resulting in rupture of the outer membrane. This latter phenomenon, known as mitochondrial permeability transition (MPT) (Kroemer et al., 2007) , is an important Ca 2+ -dependent process in somatic cell death (Grimm and Brdiczka, 2007) where large conductance permeability transition pores open, rendering the mitochondrial inner membrane abruptly permeable to all solutes of molecular weight up to about 1500 Da (Bernardi and Forte, 2007) . The best characterized channel associated with MPT is the mitochondrial permeability transition pore (mPTP) (Gulbins et al., 2003) . The mPTP components reside in the inner as well as in the outer mitochondrial membrane and include the voltagedependent anion channel (VDAC), the adenine nucleotide transporter (ANT), cyclophilin D (Cyp D), peripheral benzodiazepine receptor, creatine kinase, hexokinase II, as well as Bax/Bcl-2-like proteins [reviewed by Zamzami and Kroemer (2001) ]. The MPT can be locked by mPTP opening inhibitors such as cyclosporin A (CsA) which specifically targets cyclophilin D (Petronilli et al., 1999; Martel et al., 2012) . In somatic cells there are two forms of mPTP opening (Petronilli et al., 1999) : the mPTP opening of short duration, which leads to a transient depolarization, and the long-term opening, which causes permanent depolarization with dissipation of DCm, and inhibition of the respiratory chain through a specific conformational change of complex I, increasing ROS production (Petronilli et al., 2001) and DNA fragmentation (Kroemer et al., 2007) .
Cumulative evidence has indicated the involvement of MPT through the mPTP opening in a number of pathological conditions (Matsuura et al., 1996; Seaton et al., 1998; . However, MPT and its effects on DCm, ROS production and DNA fragmentation in human spermatozoa are unknown.
Therefore, the aim of this study was to assess the MPT induced by cytosolic calcium overload in human spermatozoa and to analyze its effects on sperm DCm, ROS production and DNA fragmentation.
Materials and Methods

Donors
The study was performed on spermatozoa in semen samples from five apparently healthy donors who took a survey to participate in the study and signed an informed consent form. The samples obtained from the same donor were requested with at least a 2-week interval. The study was approved by the Scientific Ethics Committee at the Universidad de La Frontera.
Samples
Samples were obtained by masturbation with at least 2 days of sexual abstinence. Semen was collected in sterile vessels and maintained at room temperature for 30 -60 min until liquefaction. Standard semen analysis was performed according to WHO Manual (World Health Organization, 2010) . Only normal samples were used in the experiments according to WHO 2010 guidelines.
Sperm selection
The spermatozoa were fractionated in a discontinuous gradient sperm kit according to the manufacturer's recommendations (Cook Medical, Inc., Bloomington, USA). Then the high motile sperm were resuspended with Dulbecco's phosphate-buffered saline (DPBS), pH 7.3, centrifuged at 380×g for 5 m and adjusted to a final concentration of 2 × 10 6 cells ml 21 in DPBS.
Analysis of the MPT by flow cytometry and fluorescence microscopy
The MPT was achieved by increasing intracellular calcium with 0.5 mM ionomycin calcium salt (Molecular Probes, Life Technologies, Carlsbad, USA) (Petronilli et al., 1998) . The MPT was evaluated with the Mitoprobe Transition Pore Assay Kit (Molecular Probes, Invitrogen, Eugene, USA) previously used in somatic cells to assess the mPTP opening directly (Petronilli et al., 1999) .
Sperm aliquots adjusted to 2 × 10 6 ml 21 were incubated with 0.5 mM ionomycin, 0.01 mM calcein-AM and 0.4 mM cobalt chloride. Three controls were also performed by incubating sperm aliquots with (i) calcein-AM; (ii) calcein-AM and cobalt chloride; (iii) calcein-AM, cobalt chloride and ionomycin in DPBS supplemented with 0.5 mM of EGTA (ethylene glycolbis(b-aminoethyl)-N,N,N ′ ,N ′ -tetraacetic acid, Merck KGaA, Darmstadt, Germany) a calcium chelator. The sperm were incubated at 378C for 15 min in darkness (Petronilli et al., 1999; Baines et al., 2005) . After incubation, the cells were washed once with DPBS. After removing the supernatant, the spermatozoa were re-suspended in 500 ml of DPBS and, in order to exclude dead cells from the analysis, propidium iodide (Sigma-Aldrich, Inc., St Louis, USA) was added at a final concentration of 1 mM. Finally, the fluorescence intensity was analyzed by flow cytometry.
For fluorescence microscopy image acquisition, 10 ml of sperm aliquots incubated with calcein-AM, calcein-AM and cobalt chloride, or calcein-AM, cobalt chloride and ionomycin were placed on separate glass slides. The cell images were acquired at 258C under 100× objective oil immersion with a light microscope equipped for epifluorescence (Axiolab drb, KT 450905, Zeiss, Oberkochen, Germany).
Analysis of MPT by laser confocal microscopy
For laser confocal microscopy analysis, sperm were incubated with 0.01 mM calcein-AM and 0.4 mM cobalt chloride at 378C for 15 min, to obtain sperm with fluorescence only in the midpiece, and 1 mM propidium iodide was added to discard dead spermatozoa. The sperm were washed once, re-suspended in DPBS and placed in a tissue culture dish coated with poly-D-lysine (Fluorodish, World Precision Instruments, Inc., Wilmington, USA). In the culture dish, sperm were incubated for 1 h at room temperature in darkness to let the sperm adhere to the plastic. Later, 0.5 mM ionomycin and freshly prepared 0.4 mM cobalt chloride were added. Fluorescence was imaged over time using a confocal laser scanning biological microscope (FV 1000 Olympus, Miami, USA) equipped with a 40× UPlanSAp objective. The excitation/detection wavelengths of filters for each of the fluorescent dyes were: calcein, bandpass filter of 488/525 + 25 nm; propidium iodide, longpass filter of 543/585 nm. Confocal images were acquired and saved at intervals of 1 s for 900 s. The mitochondrial fluorescence data were exported and analyzed with the software FV10-ASW v. 1.7. The sperm midpiece region occupied by mitochondria was identified as a region of interest (ROI) and the background was identified from an area without cells.
Effect of cyclosporin A on MPT in human spermatozoa
In somatic cells, mitochondria exposed to calcium overload trigger the MPT, leading to mitochondrial dysfunction and cell death (Baumgartner et al., 2009) . This phenomenon can be blocked in somatic cells by cyclosporin A (CsA) (Martel et al., 2012) . In order to evaluate the effect of CsA on MPT in sperm, sperm aliquots adjusted to 2 × 10 6 mL 21 were pre-incubated with 2 mM CsA (Sigma-Aldrich, Inc.) at 378C for 30 min (Zorov et al., 2000) . Then 0.01 mM calcein-AM, 0.4 mM cobalt chloride and 0.5 mM ionomycin were added. Then the procedure as described above under 'Analysis of the MPT by flow cytometry and fluorescence microscopy' was followed.
Effect of MPT induction on viability, DCm and ROS production in human spermatozoa
Aliquots of sperm suspension at 2 × 10 6 ml 21 were incubated separately with 0.5 mM and 5 mM ionomycin for 90 min at 378C. An untreated control was also included. After incubation, the sperm aliquots were washed by centrifugation at 380×g for 5 min and re-suspended in 1 ml of DPBS. Viability was evaluated by adding 1 mM propidium iodide (Sigma-Aldrich, Inc.). Sperm viability was measured as the percentage of propidium iodide negative cells. The DCm was assessed with the cationic reagent, JC-1 (Mît-E-C TM Mitochondrial Permeability Detection, Enzo Life Sciences, Farmingdale, USA). For this purpose, 1 ml sperm aliquots were incubated with 1 ml of JC-1 concentrated 100× at 378C for 15 min. Sperm DCm was measured as the mean fluorescence intensity of JC-1 aggregates. To analyze the ROS production, sperm aliquots were incubated for 15 min at 378C with 2 mM dihydroethidium (DHE) (Molecular probes, Life Technologies) and in order to exclude dead cells from the analysis, 0.5 mM SYTOX w Green (Molecular Probes, Life Technologies) was added. ROS production was measured as the mean fluorescence intensity of DHE. All the parameters were analyzed by flow cytometry every 15 min.
Determining the type of ROS produced by human spermatozoa after the induction of MPT
In order to determine the type of ROS produced by MPT induction, four antioxidants permeable to the plasma membrane that act as scavengers of various ROS were used, including: diphenyleneiodonium chloride (DPI), an inhibitor of the enzyme NADPH oxidase (Riganti et al., 2004) , 4-hydroxy-2,2,6,6,-tetramethyl piperidinoxyl (TEMPOL), a mimetic of superoxide dismutase (Santiani et al., 2013) and phenyl N-tert-butylnitrone (PBN), a compound of a family of nitrones used as a capture agent by free radicals (Kawai et al., 2008) . All these have known antioxidant activity in somatic cells and scavenging activity against superoxide (O 2 ·− ), but they do not react with hydrogen peroxide (H 2 O 2 ). Finally, N-acetylcysteine (NAC) an antioxidant reagent that reduces the increase in cellular H 2 O 2 levels but reacts relatively slowly with O 2 ·− was also used (Owada et al., 2013) . For this, sperm suspensions at a concentration of 2 × 10 6 ml 21 were co-incubated with 1 mM ionomycin and separately with 10 mM DPI, 1 mM TEMPOL, 3.2 mM PBN or 20 mM NAC at 378C for 2 h. An untreated control was also included. To analyze the ROS production, the procedure as described above under 'Effect of MPT induction on viability, DCm and ROS production in human spermatozoa' was followed.
Effect of MPT induction on DNA fragmentation in human spermatozoa
To assess if MPT induces DNA fragmentation, aliquots of sperm suspension at 2 × 10 6 ml 21 were incubated separately with 0.5, 1 and 5 mM ionomycin at 378C for 2 h. An untreated control was also included. After incubation, the sperm aliquots were washed by centrifugation at 380×g for 5 min and re-suspended in 1 ml of DPBS. DNA strand breakage was assessed with a modified TUNEL assay (Mitchell et al., 2011) . Cells were centrifuged, washed with DPBS and re-suspended in 400 ml DPBS for flow cytometry analysis.
Flow cytometry
The fluorescence intensities were measured and acquired in a FACSCanto II flow cytometer controlled by the software FACSDiva TM v. 6.1.3 (Becton Dickinson, San Jose, USA), and 10 000 events were acquired by each test with an aspiration speed of 60 ml/min. Fluorophores were excited at 488 nm using an argon laser. The green fluorescence was detected using a filter with bandwidth of 530/30 nm and the orange fluorescence was detected using a filter with bandwidth of 585/42 nm, both on logarithmic scales.
Statistical analysis
The experiments were repeated at least five times on different days. Statistical analyses were developed using a one-way ANOVA and Bonferroni's multiple comparison test. Data were expressed as mean + standard deviation (SD) of mean fluorescence intensity (MFI). Statistical significance was established for P , 0.05. The data analysis was performed with the Prism 6 software package (GraphPad, La Jolla, USA).
Results
Analysis of the MPT by flow cytometry and fluorescence microscopy
To demonstrate IMM permeability, the fluorescence of sperm mitochondrial-entrapped calcein (Petronilli et al., 1999) was monitored. Results showed that in spermatozoa incubated only with calcein-AM, fluorescence was distributed in all cellular compartments (inset in Fig. 1A) . In spermatozoa incubated with calcein-AM and the calcein fluorescence quencher cobalt chloride, calcein-AM was compartmentalized exclusively on the midpiece of the spermatozoa where the mitochondria are located (inset in Fig. 1B ). To induce IMM permeability in spermatozoa, they were incubated with the calcium ionophore, ionomycin, together with calcein-AM and cobalt chloride, and it was found that the midpiece fluorescence disappeared (inset in Fig. 1C ). This is consistent with the permeability of IMM and is consistent with what was observed on the flow cytometry dot plot, where the fluorescence intensity in sperm suspensions incubated with calcein decreased when the cobalt chloride was added and this decrease was further accentuated when ionomycin was added (Fig. 1A-C) .
When the MFI of spermatozoa incubated with calcein-AM was compared with the MFI of spermatozoa incubated with calcein and cobalt, a significant difference (P , 0.001) was observed (Fig. 2) ; moreover, sperm aliquot treated with calcein-AM, cobalt chloride and ionomycin showed an overall MFI decrease, reaching values similar to the MFI of spermatozoa from an autofluorescence control (2.65 + 0.68). The dead spermatozoa were discarded in each analysis through exclusion of the propidium iodide positive cells.
Additionally, spermatozoa previously incubated in medium without calcium by chelation with EGTA and analyzed after the addition of calcein-AM, cobalt chloride and ionomycin showed a high MFI (92.75 + 13.72) compared with the spermatozoa analyzed under the same conditions but in a medium with calcium (2.29 + 0.59; P , 0.001).
Analysis of MPT by laser confocal microscopy
Confocal laser microscopy images were obtained from spermatozoa incubated with calcein-AM and cobalt chloride. In eight of the spermatozoa, the midpiece was selected as a ROI, showing that 15 min after the addition of ionomycin, there was an evident decrease in calcein fluorescence of the midpiece (Fig. 3A I -IV) . The mean fluorescence intensities of the eight ROI measured every 1 s for 15 min after the ionomycin addition were plotted to illustrate the patterns of individual fluorescence decrease in the midpiece of the eight spermatozoa. The spermatozoa showed a characteristic discontinuous decrease in fluorescence, with partial recovery in two phases and reaching minimum values at 900 s (Fig. 3B) .
Effect of cyclosporin A on MPT in human spermatozoa
In order to evaluate the effect of CsA on MPT, spermatozoa were co-incubated with CsA before MPT induction with ionomycin. The results included in Fig. 2 showed that CsA did not prevent the effect of ionomycin in human sperm.
Effect of MPT induction on viability, DCm and ROS production in human spermatozoa
In somatic cells, MPT is the consequence of the mPTP opening, which results in permeability of ions, solutes up to 1500 daltons, and collapse of the DCm (Petronilli et al., 2001) . Many agents or conditions have been shown to cause pore opening in isolated mitochondria (Bernardi and Petronilli, 1996; Fontaine et al., 1998) , most notably high Ca 2+ loading (Zorov et al., 2000) . Our results show that the incubation with 5 mM ionomycin induced a statistically significant decrease in DCm after 60 min of treatment (Fig. 4A) . Although 5 mM ionomycin induced an alteration of DCm, this did not affect the percentage of sperm viability when compared with the untreated control (92.42 + 2.29 and 91.27 + 2.15, respectively) after 90 min of incubation at 378C. Incubation with 0.5 mM ionomycin did not decrease the DCm, which remained without change until 90 min of treatment (Fig. 4A) . In somatic cells, MPT by mPTP opening has been associated with a rise in ROS levels (Batandier et al., 2004) . Thus, the intracellular levels of ROS in human spermatozoa were also evaluated. Our results show that MPT induced by 0.5 mM ionomycin was associated with increased ROS production, which reached a maximum level after 15 min and was sustained for the 90 min of incubation. Moreover, the ROS levels induced by 5 mM Figure 1 Analysis of the mPTP opening in human spermatozoa with: calcein-AM, calcein-AM/cobalt chloride and calcein-AM/cobalt chloride/ionomycin by flow cytometry (A, B and C, respectively) and epifluorescence microscopy (inset in Figures A, B, C, respectively) . PI: propidium iodide. Representative example of one experiment. Figure 3 Analysis of mPTP opening in human spermatozoa by laser confocal microscopy. Human spermatozoa preloaded with calcein-AM and cobalt chloride were washed and incubated for 1 h at room temperature and in darkness in a culture dish (WPI, Fluorodish). Image acquisition was performed after addition of 0.4 mM cobalt chloride and 0.5 mM ionomycin. Sperm middle piece region occupied by mitochondria were identified as a region of interest (ROI) in sperm labeled numbers 1 -8, and the background was identified in an area without cells (ROI 9). The mitochondrial fluorescence data were exported, analyzed with software FV10-ASW v. 1.7. Images are at time 0, phase contrast (AI) and fluorescence (AII) and after 15 min of incubation, phase contrast (AIII) and fluorescence (AIV). Mitochondrial fluorescence data of the confocal images were acquired at intervals of 1 s for 900 s and plotted (B). MFI: mean fluorescence intensity. AU, arbitrary units. ionomycin were more than double those observed in spermatozoa treated with 0.5 mM ionomycin (Fig. 4B) .
Determining the type of ROS produced by the induction of MPT in human spermatozoa Figure 5 shows that in sperm suspensions co-incubated with ionomycin and with the antioxidant reagents DPI, TEMPOL and PBN, the levels of ROS production were not significantly different to that observed with sperm suspension treated only with ionomycin. In contrast, in the sperm suspension co-incubated with ionomycin and NAC, a significant decrease in the level of ROS production was observed compared with the sperm suspension treated only with ionomycin (P , 0.05).
Effect of MPT induction on DNA fragmentation in human spermatozoa
In order to evaluate whether the MPT induces DNA fragmentation, we incubated aliquots of sperm suspension with three concentrations of ionomycin. Our results showed that MPT induced by 1 and 5 mM ionomycin increased the percentage of cells with fragmented DNA compared with the untreated control (P , 0.001) (Fig. 6 ).
Discussion
In somatic cells under pathological conditions, mitochondrial permeability transition by prolonged mPTP opening results in DCm dissipation, uncoupling of oxidative phosphorylation, failure to synthesize ATP and increased ROS production, leading to oxidative stress (Li et al., 2012) . Oxidative stress is a major cause of defective sperm function and DNA fragmentation in cases of male infertility (Aitken et al., 2012) . In addition to exogenous ROS production by infiltrating leukocytes (Aitken and West, 1990; Aitken et al., 1992) , spermatozoa are a source of endogenous ROS through two pathways: the NADPH oxidase system in plasma membrane and in mitochondria via the NADH oxidoreductase system (Aitken et al., 1992; Gavella and Lipovac, 1992; Agarwal et al., 2003) . It has also been suggested that spermatozoa produce excessive ROS when they come from defective spermatogenesis, resulting in excess cytoplasm retention (Zini et al., 1993; Gomez et al., 1996) . However, ROS production through MPT in human spermatozoa and its effects on DCm and DNA fragmentation are unknown. Although it has been reported that hepatitis B virus induces spermatozoal mPTP opening (Huang et al., 2013) , the present study is the first to report MPT by calcium overload and analyze its effects on DCm, ROS production and DNA fragmentation in the human male gamete.
To evaluate the MPT, calcein-AM and cobalt chloride method was used. When human sperm were loaded with calcein in its acetoxymethyl ester (AM) form, calcein was trapped in all subcellular compartments including the mitochondria. The decrease in MFI observed in the spermatozoa after the addition of cobalt chloride was due to calcein quenching (Petronilli et al., 1999; Baines et al., 2005) . The remaining calcein fluorescence in the midpiece of the spermatozoa corresponds to mitochondria, the intact inner membrane of which does not allow cobalt chloride to enter (Kroemer et al., 2007) . Because increasing mitochondrial calcium induces pore mPTP opening (Gautier et al., 2012) , we incubated spermatozoa with ionomycin, in the presence of calcein-AM and cobalt chloride. The significant decrease in fluorescence in spermatozoa treated with ionomycin demonstrates a loss of integrity of inner mitochondrial membrane, likely as a result of the formation and opening of mPTP. In contrast, spermatozoa incubated in a medium without calcium and analyzed after the addition of calcein-AM, cobalt chloride and ionomycin, did not show decreased fluorescence intensity. This demonstrates that the MPT was induced by a cytosolic calcium increase and rules out a direct effect of ionomycin.
The results obtained by confocal laser microscopy revealed an intermittent decrease of mitochondrial calcein fluorescence in spermatozoa incubated with 0.5 mM ionomycin. It is likely that this pattern of fluorescence decay is due to a transient opening of the mPTP, as has been described in somatic cells, where during a short-term transient and physiological opening, the mPTP can flicker between open and closed states to reduce excessive mitochondrial metabolites and ions, especially calcium, thereby preventing mitochondrial swelling and the release of apoptogenic factors, ultimately preserving the integrity of the mitochondrion (Zoratti and Szabo, 1995; Kroemer et al., 1998; Hausenloy et al., 2004) .
In somatic cells when mitochondria are exposed to pathological calcium overload, it triggers the MPT leading to mitochondrial dysfunction and cell death (Breitbart et al., 1996) . This phenomenon can be blocked in vitro and in vivo by cyclosporin A (CsA) (revised by Martel et al. (2012) ). In contrast to the properties reported for MPT in somatic cells, we could not find inhibition of MPT by cyclosporin A at a concentration of 2 mM, which is 10 times higher than the normal inhibitory concentration (Breitbart et al., 1996) . These results can be explained because although cyclosporin A is an MPT inhibitor in isolated mitochondria, it is known to be ineffective in blocking it in some cell types and under certain conditions. For example, in ischemia/reperfusion models with rat heart, the protective effect of cyclosporin A was observed over an extremely narrow concentration range (Griffiths and Halestrap, 1993) . In the mitochondria of brain tissue, CsA can be effective as an MPT inhibitor only under conditions of partial depolarization (Brustovetsky and Dubinsky, 2000) . In mitochondria of cardiac myocytes, 0.2-4 mM cyclosporin A did not prevent the dissipation of Dcm associated with MPT (Zorov et al., 2000) . Additional studies are needed to identify the effective conditions or other MPT inhibitors in human spermatozoa.
Once we found that an increase in cytosolic calcium induces MPT in human spermatozoa, we analyzed the effect of this phenomenon on the sperm DCm, ROS production and DNA fragmentation.
The preservation of DCm in human sperm has been proposed as an indicator of sperm quality (Troiano et al., 1998; Donnelly et al., 2000; Marchetti et al., 2002; Espinoza et al., 2009a) . Its importance has been associated with hyperactivated motility, capacitation and a good sperm fertilizing capacity [Reviewed by Piomboni et al. (2012) ]. Our results show that MPT induced by cytosolic calcium increase with ionomycin was associated with a collapse of DCm that was ionomycin concentration-and time-dependent and did not affect sperm viability. These results seem to suggest that 5 mM ionomycin caused long-term mPTP opening. Long-term mPTP opening is often associated with a reduction in DCm (Gautier et al., 2012) , or permanent DCm dissipation, increased ROS production and cell death [Reviewed by Kroemer et al. (2007) ]. The increase in cytosolic calcium induced by 0.5 mM ionomycin seems capable of achieving only a temporary permeabilization of the IMM, not producing the DCm dissipation associated with permanent depolarization and permeabilization (Petronilli et al., 1999) . This temporary permeabilization is consistent with the intermittent decrease of mitochondrial calcein fluorescence we observed by confocal laser microscopy.
We also observed that ROS production after exposure to ionomycin was increased. A possible explanation for this is that MPT by mPTP opening induces mitochondrial membrane depolarization and inhibition of the respiratory chain through a specific conformational change of complex I, which dramatically increases ROS production (Batandier et al., 2004) . Others have suggested that calcium binding to cardiolipin molecules associated with ANT dissociates cytochrome c from the inner membrane, thus inducing a progressive leakage of electrons from the respiratory chain, inhibiting the respiratory complex III at the level of ubiquinol cytochrome c oxidoreductase, and increasing ROS generation (Grijalba et al., 1999; Petrosillo et al., 2004; Akopova et al., 2011) .
Under our experimental conditions, the ROS production was an earlier event to loss of DCm. This is in agreement with previous reports in somatic cells where it has been reported that the mPTP opening increases ROS production (Batandier et al., 2004) . ROS in turn can induce the release of mitochondrial cytochrome c with the concomitant activation of caspases 9 and 3 (Fulda et al., 1997; Fulda and Debatin 2005) . Once activated, caspase 3 exercises its catalytic activity inside the mitochondrion and leads to the disruption of DCm by interfering with electron transport chain complexes I and II (Ricci et al., 2003) , a mechanism also suggested for human sperm (Espinoza et al., 2009b) .
From our observations that the MPT in human spermatozoa subjected to calcium overload results in disruption of DCm and increased ROS production, we suggest that MPT causes an alteration of the electron transport chain, which in turn can induce DCm dissipation and increased ROS production. This is supported by what has been described in some mitochondrial disorders associated with dysfunction of the respiratory chain components, where lower DCm and activity of the respiratory chain are observed with a simultaneous increase in ROS (Lebiedzinska et al., 2010) .
Once we had observed that increased cytosolic calcium in human spermatozoa induced MPT and consequently increased ROS production, the type of ROS produced under these experimental conditions was evaluated. The null effect of DPI, TEMPOL and PBN suggests that superoxide is not the major reactive species produced through MPT induction in human spermatozoa. In contrast, the scavenger effect of NAC in sperm with increased ROS production after cytosolic calcium overload shows that the major reactive species produced by the induction of MPT in these experimental conditions is H 2 O 2 .
Aitken et al. reported that the in vitro addition of low levels of H 2 O 2 has a physiological role and protects the sperm DNA from fragmentation, but at high levels these have the opposite effect (Aitken et al., 1998) . Likewise, in vitro sperm incubation with H 2 O 2 induces DNA fragmentation in a dose-dependent fashion (Kemal Duru et al., 2000; Villani et al., 2010 ). After we observed that an increase in cytosolic calcium in human spermatozoa induces MPT and consequently an increase in ROS production and that the major reactive species produced by MPT induction is H 2 O 2 , we evaluated the effect of MPT on DNA fragmentation. We observed that sperm incubation with ionomycin induces DNA fragmentation in a dose-dependent fashion. The lack of effect of 0.5 mM ionomycin on DNA fragmentation seems to confirm a transient pore opening associated in turn with physiological levels of H 2 O 2 production. Conversely, the significant increase in DNA fragmentation with higher concentrations of ionomycin would be related to a long-term mPTP opening and, in turn, with an increase in the level of H 2 O 2 production. Interestingly, it has been reported that H 2 O 2 induces an increase in the cytosolic calcium concentration by depleting intracellular calcium stores (Bejarano et al., 2008) ; therefore, MPT may be associated with an increase in H 2 O 2 production and this in turn would stimulate the MPT by inducing increased cytosolic calcium. This process could ultimately result in global sperm cell oxidative stress.
In conclusion, our results suggest the existence of pores in the IMM of human spermatozoa, the opening of which occurs in response to an ion calcium increase. Similarly to somatic cells, an intact DCm could be associated with a transient pore opening and a decrease in DCm could be associated with a long-term opening of mPTP. Both conditions were associated with increased ROS production in this study. The major reactive species produced by MPT induction is H 2 O 2 , which at high concentration would be responsible for the sperm DNA fragmentation observed in this study. We propose MPT by mPTP opening as an important mechanism of increased ROS and DNA fragmentation not yet described in human spermatozoa. The prevention of MPT by blocking the mPTP opening could be an effective strategy for preventing DNA fragmentation by oxidative stress of mitochondrial origin in human spermatozoa.
